Due to excessive shearing and load, punches wear faster than dies in press tools used for cutting operations. The shape and size of components produced by worn punches pose challenges; hence efforts are being taken by industries to extend the punch life and to reduce the cost and time of replacement of punches. The paper reports on an attempt made to investigate effects of cryogenic treatment and tempering cycles on wear life enhancement of D-3 tool steel specimens and punches. Four differently treated groups of D-3 piercing punches and pins were tested in the manufacture of AISI 1055 medium carbon steel chain parts and pinon-disk wear tests were carried out. The punch wear was assessed by capturing images of the punch tips using a machine vision system after manufacturing several chain components and the image processing technique was used in assessing the wear. Scanning electron microscopy (SEM) and optical microscopy (OM) images of the D-3 specimens were also taken to study effects of the cryogenic treatment. The results show improved wear resistance of the cryogenically treated punches compared to the conventionally heat-treated punches.
Introduction
Globally, metal forming industries, in which press tools play an important role, are growing rapidly. Cutting and forming press tools are widely used in mass production in various sectors. Press tools are mounted on presses to perform required operations. These tools produce components from either coil stock or unit stock sheet metal. Blanking and piercing tools, in which the combined action of punch and die surface cuts and removes the component of a required size and shape by shearing action, are popular among the press tools used for cutting operations. Blanking and piercing look similar in operation but they differ in their applications. While performing blanking and piercing operations some amount of material is cut out and removed from the stock material, which is the component in blanking and scrap in piercing. Due to severe market competition, industries are engaged in research and development activities to increase the tool life and to reduce machining cost and lead time.
The productivity of metal stamping can be increased by reducing wear and prolonging punch life [10, 16] . Worn-out punches are to be replaced periodically, often at a significant economic cost [17, 18] . Design changes, speciality materials, hard coatings, heat treatment practices and manufacturing methods are few areas where attempts are being made by industries to increase punch life, thereby increasing productivity and cost reduction [19, 20] .
Cryogenic treatment is an additional process to the conventional heat treatment introduced between quenching and tempering. In this treatment the micro-structure of metals is modified by utilizing ultra-cold temperatures, which results in increased hardness, wear resistance and toughness of specimens. During the cryogenic treatment quenched steel specimens are cooled down to a liquid nitrogen temperature (-196 C) at a uniform cooling rate, soaked for a sufficient time period in liquid nitrogen and brought back to room temperature at a uniform rate [21] . As alloy tool steels have high carbon content, the transformation of austenite into martensite is completed below 0 °C only, which means that even after heat treatment austenite is still retained at room temperature. Cryogenic treatment transforms the retained austenite into martensite, which is effective in wear resistance improvement. Cryogenic treatment also promotes precipitation and uniform distribution of fine carbides in the matrix [22] [23] [24] . Laboratory investigations and shop floor experiments on cryogenically treated cutting tools for turning, milling cutters, drills and carbide tools have established performance enhancement of the tools [25] [26] [27] [28] [29] [30] .
However, more shop floor tests are needed to investigate the performance of cryogenically treated tool steels in press tool applications. In the present work, the effect of cryogenic treatment on punch wear was tested in the shop floor using cryogenically treated D-3 piercing punches in the production of chain parts and a machine vision system with an image processing technique was used to monitor the punch wear periodically. Microstructural studies by means of optical microscopy (OM) and scanning electron microscopy (SEM) images in addition to pin-on-disk wear tests were also performed on the cryogenically treated D-3 steel pins. 
Experimental details

Material selection
Commercial grade D-3 tool steel was chosen for piercing punches and pins to produce inner plates of industrial chains and for performing wear test. The composition of the chosen steel is (wt %) 2.00 % to 2.35 % C, 11.00 % to 13.50 % Cr, 0.10 % to 0.60 % Mn, 0.00 % to 0.03 % P, 0.10 % to 0.60 % Si and 1.00 % max V, which is in accordance with the AISI specifications for D-3 steel. The D-3 piercing punches were designed and manufactured as shown in Fig. 1 and they were used to punch holes of 11.47 mm in diameter from 3.60 mm thick AISI 1055 medium carbon steel blanks to produce inner plate components for industrial chains (Fig. 2) . The chemical composition (wt %) of the AISI 1055 steel blank material consists of 0.500 % to 0.600 % C, 0.600 % to 0.900 % Mn, 0.015 % S, and 0.020 % P. The medium carbon steel blanks were in annealed condition with reduced hardness. The specimens were first stress relieved at 600 C by being soaked for 1 hour in an oil fired furnace followed by furnace cooling. They were then preheated to 200 C, held at the temperature for 30 minutes followed by their heating to 800 C and holding for 30 minutes for pre-austenitation in the oil fired furnace. Finally, austenitation was performed by heating the specimens to 950 C and holding them at the temperature for 30 minutes. Then the specimens were oil quenched at 200 C for 45 minutes followed by air-cooling to room temperature. These hardened specimens were divided into 4 groups, namely HT, HC, HCT and HTC. Subsequently, they were subjected to tempering and cryogenic processing. Tempering of the specimens was carried out in the oil fired furnace. After hardening, the specimens of the groups HT and HTC were immediately soaked at 200 C for one hour, then air cooled to room temperature for first tempering. The air cooled specimens were tempered the second time by being soaked at the same temperature of 200 C for one hour followed by air cooling to room temperature. The hardened specimens of the groups HC and HCT were cryogenically processed in a cryogenic chamber by bringing them to -196C from room temperature gradually in one hour and then they were soaked at -196 C for 10 hours and brought back to room temperature gradually in one hour. The specimens of the group HCT were double tempered, as mentioned earlier, immediately after the cryogenic processing. The specimens of the group HC were not tempered after the cryogenic processing. The specimens of the group HTC were cryogenically processed after double tempering by following the procedure as mentioned above. After these treatments all the specimens were machined to the final size.
Hardness measurement
The micro-hardness values of the carefully and properly prepared specimens after treatments were measured by using a Vickers microhardness tester for 0.2 kg load and a reliable value was obtained by carrying out the test several times. Equivalent HRC values were obtained and tabulated. 
Microstructural examination
For microstructural studies the samples were prepared from all the four groups of D-3 steel specimens after the treatment carried out according to the standard metallographic procedure. Viella's reagent composed of 1 gm picric acid, 5 ml HCl and 100 ml ethanol was used for revealing the microstructure i.e. the tempered martensite will appear better.
The microstructural analysis of the prepared D-3 specimens was carried out on images taken by a JEOL JSM-6390 Scanning Electron Microscope (SEM) at a magnification of 3500x and by a CARL ZEISS Optical Microscope at a magnification of 1000x.
Piercing experiments
In the production of inner plates of industrial chains the piercing operation was performed in a Godrej SC1-63 single crank straight side 63 ton press at a speed of 130 strokes/min. The piercing tool was operated at room temperature under a constant thin-film lubrication regime. The prepared punches were used on the provided blanks to pierce 11.47 mm diameter holes, as shown in Fig. 4 , in the press. The punches fitted in the press for the purpose of conducting field experiments are shown in Fig. 5 . To investigate wear progression as a function of the number of strokes, the punches were removed from the piercing tool after 7,000, 14,000, 21,000 and 28,000 strokes. In each case, a new punch was used from every group of the prepared punch samples. The removed punches were used to assess the wear progression by the machine vision system and the image processing technique. The machine vision system for measuring the punch wear consists of a camera, a lens, an illumination source, a PC and suitable software for acquiring images from the punches removed from the piercing tool.
Selection of camera and light source
The setup acquires images via a Matrix Vision (mvBlueCOUGAR-X125AG) camera and Bi-Telecentric lenses (TC Series) with a circular field of view of 60mm in diameter and high resolution (2448 x 2050), that are used to assess wear on the piercing punches by means of highly detailed information contained in the images. The Bi-Telecentric lenses ensure pure telecentricity. Hence, no magnification change occurs when the punches move away or towards the system. Proper illumination is the most important and critical aspect of obtaining a good image for further processing. Hence, an axial diffuse illuminator (6" x 6", DL085) was used because it is suitable for use on highly reflective objects and when there are shadows on the inspection area.
Image acquisition procedure
For acquiring images, the punch is mounted in a fixture. While the illumination is on, images are acquired using the software interface wxPropView. Positioning of the punches and the illumination settings are critical factors for the image quality as they have an exaggerated effect when punch wear is determined. The wear evolution has been determined from the images acquired by using the machine vision system (Fig. 6 ). The acquired images are subjected to image processing to extract the feature to describe the punch wear. The image processing technique involves image cropping, noise reduction, image thresholding, image cleaning, and feature extraction. The NI Vision Assistant software is used for processing the acquired images. A measurement program using the LabView software developed for the punch wear measurement is used to find wear on the punches from the acquired images. An image of a used punch tip acquired by the machine vision setup is shown in Fig. 7 and the graphical user interface of the LabView software showing wear in pixels at a predetermined distance from the punch edge is shown in Fig. 8 . Edge detection is used in the processing of the images in the Labview software to assess wear progression in the punches as shown in Fig. 9 . The laboratory test using a pin-on-disk dry sliding wear testing machine was performed according to the ASTM standard (G99-05) using a computerized wear and friction monitor (DUCOM TR 201). This tribometer consists of a rotating disk on which a test pin is pressed with a known force. The tribometer is connected with a computer, by which the height loss of the pin and the frictional force at the interface of pin and disk are continuously recorded. Fig.  10 and Fig. 11 show the schematic and actual views of the pin-on-disk wear testing machine.
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Punches by Applying Cryogenic Treatment: Field and Laboratory Investigations During testing, pins made of D-3 steel subjected to different treatments as discussed earlier were kept stationary while the circular disk made of the hardened D-3 steel was rotated. Cylindrical pins required for the wear testing are made to 8 mm in diameter and 25 mm in length to suit the specifications of the tribometer. Also, a hardened D-3 steel disk of 80 mm in diameter and 8 mm thick was used as rotating member against which the pins were pressed with a known force. Experiments were conducted by pressing the D-3 steel pins after four different treatments (HT, HC, HCT and HTC) against the hardened D-3 disk, using the pin-on-disk tribometer. The data acquisition system acquired the height loss of the pins and the frictional force when the test was conducted. A constant load of 50 N was applied on the pins against the disk rotating at a speed of 500 rpm for a duration of 15 minutes in all the cases of four categories of samples. During the tests wear debris were not removed from the disk surface to simulate real life environment. 
Results and discussion
Hardness tests
The results of the micro-hardness tests of the D-3 specimens after treatments are shown as equivalent HRC values in Fig. 12 .
Fig. 12 Hardness values of specimens after treatments
The results show that the cryogenic treatment resulted in a considerable increase in hardness compared to the conventionally heat-treated (HT) specimens. The specimens of the HC group attained highest hardness due to the cryogenic treatment performed immediately after hardening. This is because of the elimination of austenite retained after hardening by converting it into martensite during cryogenic cooling. The results regarding hardness show that the cryogenic treatment (HCT) reduced hardness by 2 HRC in comparison with the specimens in the HC group due to the transformation of the retained austenite into martensite, precipitation and uniform distribution of homogenized carbide. Reduction in hardness was also attributed to the reduction in tetragonality of the martensite's lattice structure during tempering which occurred immediately after hardening. The hardness of the HTC specimens is reduced by 1 HRC in comparison with the HCT group due to the stabilization of austenite (retained after hardening) during tempering and the difficulty in transforming this stabilized austenite into martensite as cryogenic treatment was performed after tempering.
Microstructural analysis
The microstructural analysis carried out on the D-3 tool steel specimens revealed the effects of cryogenic treatment and tempering. The images acquired from the optical microscope are shown in Fig. 13 .
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Punches by Applying Cryogenic Treatment: Field and Laboratory Investigations The microstructure of the HT specimen (Fig. 13a ) reveals uniformly distributed globular and nodular carbides in the tempered martensite matrix. The conventional hardening treatment results in a significant amount of untransformed austenite in the matrix which has undesirable effects on material properties. The microstructure of the simply cryogenically cooled (HC) specimen (Fig. 13b) exhibits pre-existing carbides in the matrix. However, the reduction in size of the globular carbides is observed in the HC specimen compared to that of the conventionally hardened (HT) specimen. Untempered martensite is present in the microstructure. Uniformly distributed carbides are present in the austenite matrix. The microstructure of the HCT sample (Fig. 13c) exhibits a significantly reduced carbide size compared to that of the HT specimen. Uniformly distributed globular and nodular carbides are present in the tempered matrix structure. The residual austenite presence is almost eliminated. The microstructure of the HTC specimen (Fig. 13d) in which case the tempering process was carried out immediately after hardening and subsequently the cryogenic cooling reveals globular carbides and carbides of irregular shape equally observed in the tempered martensite matrix with untempered martensite presence. Most of the retained austenite in the HT specimen is converted into martensite in the HC, HCT and HTC specimens, thereby increasing their hardness and improving wear resistance with respect to HT specimens. In addition, the increased carbide precipitation and increased carbide size seen in the microstructure of the HC, HCT and HTC specimens compared to the HT specimens are also responsible for improved wear resistance and hardness. Diminished grain boundaries and
carbides in the matrix also attribute to the increase in wear resistance when cryogenic treatment is applied.
SEM images of the specimens treated at 3500X magnification were also acquired to ensure the presence of fine carbides. The SEM images of the treated specimens are shown in Fig. 14 . The SEM micrograph of the HT specimen (Fig. 14a) exhibits uniformly distributed large elongated dendritic primary carbides and nearly spherical larger and smaller secondary carbides in the tempered martensitic matrix with presence of undissolved carbides. The SEM micrograph of the HC specimen (Fig. 14b) shows undissolved and fine carbides present in the martensite matrix. Untempered martensite is present in the structure. The SEM micrograph of the HCT sample (Fig. 14c ) exhibits undissolved carbides in the tempered martensitic matrix which became unprecipitated and are considered as primary carbides. Hence no retained austenite is present. The secondary carbides in the microstructure are of refined sizes, increased population and uniformly distributed in comparison with the HT specimen. The SEM micrograph of the HTC sample (Fig. 14d) shows undissolved carbides in the tempered martensite matrix and precipitated fine carbides. From the analysis of the SEM images it is observed that the cryogenic treatment facilitated the refinement, increased population density and uniform distribution of the secondary carbides in the martensitic matrix structure. The piercing punches undergo sliding wear due to the sliding action between the punches and the pierced part. The progression of wear of the punches with the number of strokes was estimated at a distance of 0.5 mm from the punch edge using machine vision system captured images by applying the image processing technique. The results of this examination are shown in Fig. 15 presenting the average of five measurements taken at different punch positions. As expected, wear increases with the increase in the number of strokes. The wear progressions of conventionally and cryogenically treated punches are evaluated in the field tests after up to 28,000 strokes. The results indicate that the cryogenic treatment enhanced wear resistance of the piercing punches. The wear rate of the HT punches is the highest because of the presence of retained austenite in its microstructure. The wear rate of the HC punches is lower compared to that of the HT punches due to the conversion of retained austenite into martensite during the cryogenic treatment. Tempering before the cryogenic treatment in the HTC punches stabilizes the retained austenite after hardening making it difficult to be transformed during the cryogenic treatment. Hence the wear rate of the HTC punches is slightly higher than that of the HCT punches. Tempering after the cryogenic treatment in the HCT punches results in the precipitation of carbide particles which leads to improved toughness and wear resistance. Hence the HCT punches show the lowest wear rate.
Wear analysis by applying the pin-on-disk method
The pin-on-disk wear test conducted on the cryogenically treated D-3 steel specimens shows a remarkable drop in wear as evident from the plots shown in Fig. 16 and Fig. 17 . The plots in Fig. 18 reveal the frictional force of the conventionally hardened and the cryogenically treated specimens for a constant load of 50 N and a constant speed of 500 rpm. The lowest wear is shown in the HCT specimens as a result of precipitation of fine carbides during the cryogenic treatment. Fine carbides precipitation imparts wear resistance to the material during sliding wear. Wear of the HT specimens is the highest. High wear of the HT specimens could be attributed to primarily coarse carbides and retained austenite. The cryogenically treated samples wear out slowly when compared to the conventionally hardened samples confirming the enhancement of wear resistance by nearly 4 times. The comparison of the frictional force between the conventionally hardened and the cryogenically treated samples reveals better performance of the material that underwent cryogenic treatment.
Conclusions
In the present paper based on shop floor and laboratory tests the following conclusions are drawn:  In general, cryogenic treatment increases hardness of D-3 steel specimens more than conventional heat treatment. The hardness value of the samples gradually increased in the following ascending order: HT, HTC, HCT, HC.

The microstructural studies on the cryogenically treated specimens reveal that the untransformed soft austenite retained after quenching is transformed into hard martensite and carbide precipitation occurs during cryogenic treatment. These changes will enhance wear resistance and toughness of D-3 steel specimens and increase their life.
The results of the shop floor experiments conducted with a machine vision system on the punches used for the production of chain parts confirm that the cryogenic treatment enhances punch life considerably. The punch life increases in the following ascending order: HT, HC, HTC, HCT.
The results of the pin-on-disk wear experiments show that the wear rate of the HT specimen is the highest, approximately 4 times higher than that of the cryogenically treated specimens. Although there is no much difference in wear rates of the HC, HCT and HTC specimens the wear rate of the HCT specimen uniformly increases in comparison with the HC and HTC specimens. In the case of the HC specimen this may be because of the absence of tempering and in the case of the HTC specimen, because tempering was carried out before the cryogenic treatment. These results suggest that the cryogenic treatment increased wear life of D-3 piercing punches.
